We report unipolar resistive switching suitable for nonvolatile memory applications in polycrystalline BiFeO 3 thin films in planar electrode configuration with nonoverlapping Set and Reset voltages, On/Off resistance ratio of ∼10 4 and good data retention (verified for up to 3,000 s). We have also observed photovoltaic response in both high and low resistance states, where the photocurrent density was about three orders of magnitude higher in the low resistance state as compared to the high resistance state at an illumination power density of ∼100 mW/cm 2 . Resistive switching mechanisms in both resistance states of the planar device can be explained by using the conduction filament (thermo-chemical) model. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. [http://dx
I. INTRODUCTION
The resistive random access memory (ReRAM) with its simple design, excellent scalability, high speed storage capacity, low power consumption, and semiconductor process flow compatibility has been identified by ITRS 1 as a potential memory technology. The memory effect in ReRAM is realized through reversible switching of the resistance of a material between two conductive states, High Resistance State (HRS = Off) and Low Resistance State (LRS = On), when an adequate electrical signal (voltage or current) is applied across it. Initially, the application of a high voltage known as forming voltage switches the resistance of the device from HRS to LRS by the controlled breakdown at a limited current compliance.
2 After the forming process is complete, the memory cell is switched back to HRS by applying a threshold voltage (Reset). Once in HRS, the memory cell can again be switched to LRS simply by voltage sweep keeping the current compliance constant. Thus, the resistance of the memory cell can be switched repeatedly between the two states of low and high resistances provided the current compliance is correctly set.
3, 4 Generally, the observed resistive switching behavior falls into two different classes depending on the polarity of the applied electrical stimulus, namely, bipolar resistive switching and unipolar resistive switching. 5 In the case of unipolar resistive switching, the Set and Reset processes occur by the same bias polarity, 6 whereas in bipolar resistive switching the Reset process requires a voltage bias opposite to that of the Set process. 7, 8 Among the two, unipolar resistive switching is of particular importance as it offers higher contrast between the resistances of the two states.
Recently, bipolar resistive switching phenomenon was observed in well known multiferroic material BiFeO 3 (BFO) and its variants, receiving tremendous attention due to their potential in developing futuristic multifunctional nonvolatile memory devices combining ferroelectricity, ferromagnetism and photovoltaic effects. 9 Yao et al. 10, 11 have reported bipolar resistive switching in epitaxial BFO thin films grown on single-crystal substrates. However, the ratio of two resistance states (high and low) was limited to ∼100 due to large leakage currents. Yin et al. 12 also have described bipolar resistive switching in polycrystalline BFO thin films with poor contrast in resistance ratio and the switching mechanism was found to be different from that of epitaxial thin films. Wang et al. 13 and Qu et al. 14 have observed bipolar resistance switching in BiFeO 3 /Nb-SrTiO 3 heterojunctions with a contrast of ∼100 between the two resistance states and found substantial photovoltaic effect when the device was illuminated with white light. In most of these studies on resistive switching in BFO thin films, a metal-insulator-metal (MIM) type of structure with the insulating thin film sandwiched between two metallic electrodes was used and current-voltage measurements were done in top-bottom configuration. Moreover, prominent photovoltaic effect in BFO films exhibiting large open circuit voltage has been reported in planar electrode configuration, where both the metal electrodes are on the surface of BFO film. [15] [16] [17] [18] Nonetheless, studies on the resistance switching phenomenon in BFO in planar electrode configuration and its effect on photovoltaic properties are missing in literature. In this work we report the unipolar resistance switching in polycrystalline BFO thin films configured in planar electrode geometry and the photovoltaic response associated with the two resistance states. Our studies show that BFO thin films can simultaneously act as memory devices (resistive memory effect) as well as an efficient energy harvester (ferroelectric photovoltaic effect) when configured in planar geometry.
II. EXPERIMENTAL
Polycrystalline BFO films of about 200 nm thickness were deposited by radio frequency (RF) sputtering technique on pulsed laser coated buffer layer of SrRuO 3 (SRO) on Pt/TiO 2 /SiO 2 /Si substrates kept in a mixture of argon and oxygen ambient (flow ratio of ∼5:2) in deposition chamber and at a temperature of ∼675
• C. The SRO buffer layer (∼100 nm thick) was first deposited at ∼600
• C substrate temperature and ∼80 mTorr oxygen pressure utilizing a KrF excimer laser(λ ∼ 248 nm). The phase formation of BFO thin films were confirmed by X-ray diffraction (XRD) and Raman studies. The XRD measurements were carried out using an automated Rigaku D/max 2400 X-ray diffractometer using the CuKα radiation. The Raman measurements were performed using an ISA T64000 triple monochromator. Circular platinum metal top electrodes of thickness ∼75 nm and diameter ∼200 µm were DC magnetron sputtered at a power density of ∼1 W/cm 2 to form symmetric co-planar devices. Ferroelectric nature of films was recorded using a Veeco Piezoresponse Force Microscope (PFM). The resistance switching characteristics of devices were studied through current-voltage (I-V) measurements in between the electrodes using a Keithley 2401 electrometer. Bias polarity was defined in between electrodes for the study of resistive switching in planar geometries. The photoresponse of BFO/SRO films in low and high resistance states were measured set at an illumination of ∼100 mW/cm 2 by utilizing a solar simulator (ABETS model 3000).
III. RESULTS AND DISCUSSION
The XRD pattern of the BFO thin films show their polycrystalline phase ( Fig. 1(a) ). All the peaks were indexed on the basis of a rhombohedral cell (JCPDS: 74-2016). Out of the eight observed Raman active modes in the spectral window of 10-700 cm −1 (Fig. 1(b) 19 The sharp contrast observed in PFM image as the polarization was switched back and forth demonstrates the ferroelectric nature of the films as shown in the inset of Fig. 1(b) . The currentvoltage (I-V) characteristics of symmetric planar BFO (MIM) devices are illustrated in Fig. 2 . Memory cells containing platinum (Pt) electrodes having a separation of ∼100 µm were used to study the resistive switching behavior. Initially, a high resistance of ∼1 MΩ was measured for the memory cells at an applied bias of ∼0.1 V, which were then switched to a low resistance state when the applied bias voltage was increased to ∼5.5 V. At this voltage, the resistance of the BFO films dropped abruptly to a low value of ∼15 Ω (measured at ∼0.1 V), as shown in Fig. 2(a) . This is known as the initial forming process that converts the device from initial HRS into LRS. During the forming process, the current compliance was set at 20 mA to produce a controlled dielectric breakdown, thus preventing the failure of the device. Once the forming process is over, the device is switched back from LRS to HRS (termed as Reset process) accompanied by a sudden drop in current by the application of comparatively lower voltages (Reset voltage) without setting any limit to the current that flows through the dielectric BFO. Following the Reset process, the device is switched from HRS to LRS by the application of a comparatively higher voltage of the same polarity as the Set voltage and with a current limit similar to that of the forming process. The corresponding schematic diagram based on the conduction filamentary model is shown in the inset of Fig. 2(a) . This Set-Reset process was found to be reversible and reproducible after repeated programming cycles. In planar geometry of BFO, the Set and Reset voltage window was observed in the range of ∼0.75-1.5 V and ∼3-3.5 V, respectively, as shown in Fig. 2(b) . The observed memory effect is unipolar in nature as the resistive switching behavior of these devices is found to be independent of the polarity of the applied voltage.
In order to understand the switching mechanism of the devices under investigation, we measured the resistance in both HRS and LRS states as a function of temperature in the range of 300 -475 K (Fig. 3(a) ) shows the liner fit of resistance variation with temperature. Fig. 3(b) log I-log V curve for HRS of BFO in planar electrodes device showing two different regions with SCLC conduction mechanism. The inset shows log I-log V curve for LRS where the linear current-voltage relation indicates Ohmic conduction.
and the results are illustrated in Fig. 3(a) . It can be seen in the inset of Fig. 3 (a) that a metallic conduction behavior takes place in LRS with a reduction in resistance as the temperature increases, following the equationR(T) = R(
, where, α is the temperature coefficient, T 0 is the reference temperature and R(T 0 ) is the resistance at T 0 . A straight line fit of the experimental data with this relation provided the linear temperature coefficient of BFO layer in LRS as ∼10 −3 K −1 , which is a typical figure for electronic transport in metallic nanostructures. 20 In the case of HRS, as shown in Fig. 3(a) , a semiconductor-like behavior was observed with the resistance decreasing exponentially with increasing temperature following the equation
, where E a is the thermal activation energy, k B is the Boltzmann constant, and T is the temperature. The exponential fit of experimental data with the above relation provided an activation energy value of ∼180 meV.
Based on the above analysis, it can be concluded that the resistance switching mechanism of symmetric planar BFO MIM devices follows the conductive filament model. 21 It has been widely discussed in BFO-perovskite that oxygen vacancies play crucial role in switching the conduction state of the film while applying an external field. In planar geometry, by applying positive voltage at one of the electrodes, oxygen ions start migrating towards this particular electrode and accumulate at the electrode/oxide interface, leaving behind a defect induced conductive path (made of oxygen vacancies) in between the planar electrodes, which sets the device to LRS (ON-state). Again sweeping the positive DC voltage during reset, at certain voltage (∼1-1.5 V) the conducting path got ruptured due to the Joule-heating induced thermal migration of oxygen ions back to oxygen vacancies. 22 Therefore, the uniform switching between LRS and HRS of a dielectric material has been ascribed to the creation and subsequent rupture of conducting filaments which are a kind of extended defects (i.e., metallic precipitate and oxygen vacancies) distributed throughout the film. 23, 24 To clarify the conduction mechanism both in LRS and HRS of the BFO in planar electrode configuration, the I-V curves were re-plotted in log-log scale (Fig. 3(b) ). It can be seen that in LRS (inset of Fig. 3(b) ), the I-V plot is linear in the low voltage regime (< 0.6 V) with a slope of ∼0.96, indicating metal-like Ohmic conduction. As can be seen in logarithmic I-V plot for HRS, two regimes were observed: one linear regime for smaller voltages (< 0.45 V), and the other for higher voltages (> 0.45 V) where a nonlinear increase in the current was observed. This kind of I-V behavior could be explained based on the space-charge-limited current conduction (SCLC) mechanism. On the basis of SCLC mechanism, the low voltage regime corresponds to Ohmic conduction (I ∝ V), while in the high voltage regime the conduction is dominated by the Child's square law (I ∝ V 2 ). The observed I-V behavior in HRS was found to be in better agreement with the SCLC charge transport mechanism. 25, 26 Resistance state retention is excellent for both LRS (On) and HRS (Off) states, as they were measured to remain stable for at least 3000 seconds at room temperature (Figure not shown) confirming the nonvolatility of the programmed logic states. It is also interesting to study the white-light PV effect in BFO thin films both in high and low resistance states. The time dependence of the photocurrent at zero bias voltage in LRS and HRS is shown in Fig. 4(a) and 4(b) , respectively, when exposed to light. It can be seen that the PV On and Off states are repeatable and stable in both resistance states, confirming the efficient light harvesting effect. The open circuit current was found to be three orders of magnitude higher in LRS than in HRS, which is important for photovoltaic device applications. 27 However, it can be seen that in HRS the open circuit photocurrent is positive while it is negative in LRS at 0 V. The observed negative current in LRS of the planar Pt/BFO/Pt device could be due to the domain wall pinning or confinement at conducting filament, 28 When we apply DC voltage during reset process, the domains near the filament get reversed even at small voltages (∼ 0.5-1 V) leaving the remaining the domain in the same polarization state. Probably, this polarization reversal leads to negative current when the device is exposed to white light illumination.
IV. CONCLUSIONS
In summary, the resistive switching properties and associated photocurrent response of BFO film with planar electrodes are reported. Repeatable and reliable non-volatile unipolar resistive switching behavior has been observed. The planar memory cell exhibited small and non-overlapping Set and Reset voltages, high resistance ratio of the two states (∼10 4 ) and good data retention for as long as 3000 s. The mechanism responsible for the resistive switching behavior was discussed in the light of the conduction filament model. Further, although PV response was also observed in both the low and high resistance states, the photo-current density was three orders of magnitude higher in LRS as compared to HRS at a white light illuminance of ∼100 mW/cm 2 . 
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